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Abstract
This investigation sought to determine whether post-exercise cold water immersion and low glycogen availability, sepa-
rately and in combination, would preferentially activate either the Exon 1a or Exon 1b Peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α) promoter. Through a reanalysis of sample design, we identified that the 
systemic cold-induced augmentation of total PGC-1α gene expression observed previously (Allan et al. in J Appl Physiol 
123(2):451–459, 2017) was largely a result of increased expression from the alternative promoter (Exon 1b), rather than 
canonical promoter (Exon 1a). Low glycogen availability in combination with local cooling of the muscle (Allan et al. in 
Physiol Rep 7(11):e14082, 2019) demonstrated that PGC-1α alternative promoter (Exon 1b) expression continued to rise at 
3 h post-exercise in all conditions; whilst, expression from the canonical promoter (Exon 1a) decreased between the same 
time points (post-exercise–3 h post-exercise). Importantly, this increase in PGC-1α Exon 1b expression was reduced compared 
to the response of low glycogen or cold water immersion alone, suggesting that the combination of prior low glycogen and 
CWI post-exercise impaired the response in gene expression versus these conditions individually. Data herein emphasise the 
influence of post-exercise cooling and low glycogen availability on Exon-specific control of total PGC-1 α gene expression 
and highlight the need for future research to assess Exon-specific regulation of PGC-1α.
Keywords CWI · PGC-1α · Exon
Introduction
Recently, it has been shown that skeletal muscle expresses 
several different transcript variants that produce different 
protein isoforms of the transcriptional co-activator peroxi-
some proliferator-activated receptor gamma co-activator 
1-alpha (PGC-1α) (reviewed in Popov et al. 2015a). To 
date, more than eight alternative protein isoforms have 
been described in human skeletal muscle, where the gene 
expression of these variants is thought to occur via two alter-
nate promoter regions on the same gene (Popov et al. 2015a; 
Martinez-Redondo et al. 2016). The proximal (canonical) 
PGC-1α gene promoter (Exon 1a) is constitutively expressed 
at rest compared to the alternative promoter (Exon 1b), 
whilst the alternative promoter (Exon 1b) is more responsive 
following exercise (Martinez-Redondo et al. 2015; Popov 
et al. 2015b). In humans, gene expression of Exon 1c is not 
highly expressed post-exercise with levels reported to be 
very low to negligible (Popov et al. 2015b).
Whilst evidence exists that supports exercise regulation 
of PGC-1α via a program of expression of distinct transcript 
variants, the contribution of post-exercise cold water immer-
sion (CWI) or prior low muscle glycogen availability in the 
activation of PGC-1α via either the canonical (Exon 1a) or 
alternative (Exon 1b) promoter has not been determined. 
PGC-1α gene expression driven by exercise, cold and low 
glycogen stimuli is thought to be regulated by AMP-acti-
vated protein kinase (AMPK) (Norrbom et al. 2011; Wen 
et al. 2014) or β-adrenergic pathways (Chinsomboon et al. 
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2009; Tadaishi et al. 2011). Importantly, it has been sug-
gested that Exon 1a and 1b are AMPK activated, whilst 
Exon 1b is also susceptible to β-adrenergic stimulation 
(Popov et al. 2015a). Recently, Brandt et al. (2017) showed 
increased promoter-specific gene expression in mice follow-
ing a single injection of clenbuterol (a powerful β-adrenergic 
agonist), suggesting an important role for adrenergic signal-
ling. Cold water immersion has been consistently shown to 
raise post-exercise plasma normetanephrine concentrations 
to a greater extent than non-immersed conditions (Joo et al. 
2016; Allan et al. 2017), with post-exercise CWI augmenting 
the exercise-induced gene expression of total PGC-1α vs. a 
non-immersed control condition (Ihsan et al. 2014; Joo et al. 
2016; Allan et al. 2017). Therefore, of particular interest is 
whether the individual impact of exercise, cold stress and 
low glycogen would preferentially activate either the Exon 
1a or Exon 1b PGC-1α promoter, and whether the combined 
impact of these stimuli would further enhance PGC-1α gene 
expression.  Such mechanistic information would allow 
greater support for the application of post-exercise CWI in 
an applied setting, whilst going some way to assist the cor-
rect use and timing of such modalities.
Thus, the aim of the present study was to assess the 
impact of post-exercise cooling and prior low glycogen 
availability on PGC-1α promoter-specific mRNA expres-
sion. To this end, we completed new analysis on the same 
RNA derived from the recently published work completed 
in our lab in which both post-exercise local and systemic 
cooling of human skeletal muscle tissue was undertaken 
(Allan et al. 2017) and the impact of combined post-exercise 
cooling and low glycogen availability within skeletal muscle 
(Allan et al. 2019) was assessed. This allowed us to assess 
the post-exercise PGC-1α promoter variant response, with 
low glycogen availability and post-exercise cooling alone, 
as well as combined. It was hypothesised that cold water 
immersion and prior low glycogen would increase the exer-
cise-induced PGC-1α alternative (Exon 1b), yet based on 
recent evidence (Allan et al. 2019), the impact of combining 
these stressors was expected not to be advantageous.
Materials and methods
Ethical approval
All participants gave written informed consent to partici-
pate after details and procedures of studies had been fully 
explained. All participants had no history of neurological 
disease or musculoskeletal abnormality and none were under 
any pharmacological treatment during the course of the 
study. All procedures performed in the study were approved 
by Liverpool John Moores University Ethics Committee and 
in accordance with the 1964 Helsinki declaration and its 
later amendments.
Study overview
During this investigation, we undertook new analysis of 
existing RNA samples derived from previous work and 
methods are as previously published and shall be referred to 
herein as Experiment 1 (Allan et al. 2017) and Experiment 
2 (Allan et al. 2019) (see Fig. 1 for experimental designs).
Experimental design
For analysis of samples derived from Experiment 1 
(Allan et  al. 2017), participant data and experimental 
protocol have already been described; however, briefly, 
ten recreationally active healthy males (age 26 ± 4 years; 
body mass 79.29 ± 6.73 kg; height 180 ± 5 cm; V ̇O2peak 
51.46 ± 9.07  mL·kg−1·min−1 peak power output (PPO) 
265.2 ± 38.33 W; mean ± SD) participated in this study. Fol-
lowing pre-exercise assessments, participants completed a 
high-intensity intermittent cycling protocol (Lode Excalibur 
Sport, Lode, Netherlands) consisting of 8 × 5 min bouts at 
82.5% PPO separated by 1-min rest followed by either one-
legged CWI (CWI: 10 min at 8 ± 1 °C) or a control condition 
(CON; seated rest at room temperature).
In Experiment 2 (Allan et al. 2019), the impact of com-
bined post-exercise local cooling in combination with 
starting low glycogen content within skeletal muscle 
was assessed. Nine recreationally active healthy males 
(age 22 ± 3 years.; body mass 74.18 ± 7.88  kg; height 
180.50 ± 6.60 cm; peak power output (PPO) 271.8 ± 25.8 W; 
mean ± SD) participated in the study. Following a series of 
single- and double-leg glycogen-depleting protocols in the 
2 days prior to the experimental day, participants attended 
the lab with one limb higher in glycogen availability than 
the other (LOW ~ 190 mmol  kg−1dw and VLOW ~ 85 mmol 
 kg−1dw). Following pre-exercise assessments, participants 
completed a high-intensity intermittent cycling protocol 
(Lode Excalibur Sport, Lode, Netherlands) consisting of 
8 × 5 min bouts at 82.5% PPO separated by 1-min rest fol-
lowed by either two-legged CWI (CWI: 10 min at 8 ± 1 °C) 
or a control condition (CON; seated rest).
“For both Experiments”, participants were instructed 
to refrain from exercise, alcohol and caffeine 48 h prior to 
attending the lab. Participants were lowered and raised into 
and out of the water to the level of the iliac crest using an 
electronic hoist system, after which they remained seated 
in a semi-reclined position in normal laboratory tempera-
tures (~ 21 °C) until 3 h post-exercise. Muscle biopsies were 
obtained at pre-exercise, immediately post-exercise and 3 h 
post-exercise.
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Muscle analysis
Muscle biopsies were obtained from the vastus lateralis 
muscle under local anaesthesia (0.5% marcaine) using 
a Pro-Mag 2.2 biopsy gun (MD-TECH, Manan Medi-
cal Products, Northbrook, IL, USA). Each incision was 
anaesthetised individually and occurred at a distance of 
2–3 cm from the previous incision. Once obtained, sam-
ples (~ 30–50 mg of tissue) were immediately frozen in 
liquid nitrogen and stored at − 80 °C for later analysis.
Real‑time quantitative RT‑PCR
RNA extraction and quantitative real-time PCR was con-
ducted as previously described (Allan et al. 2017, 2019). 
Primer sequences (Table 1) were identified using Gene 
(NCBI, https ://www.ncbi.nlm.nih.gov/gene) and designed 
using Primer-BLAST (NCBI, https ://www.ncbi.nlm.nih.
gov/tools /prime r-blast /). Sequence homology searches 
ensured specificity and that all primers had no potential 
unintended targets. All primers were between 20 and 25 bp 
Fig. 1  Overview of the experimental protocol used in each 
trial. Whilst blood samples were collected in the original studies no 
new data herein is derived from blood.  HIIT high-intensity intermit-
tent exercise; CON control condition/limb; NOT non-immersed limb; 
CWI cold water immersion condition/limb; PPO peak power output; 
LOW low CHO limb; VLOW very low CHO limb
Table 1  Primer sequences used for real-time PCR
Exon 1a PGC-1α Exon 1a; Exon 1b PGC-1α Exon 1b
Gene Forward primer Reverse primer Product 
Length (base 
pairs)
Location
GAPDH NM_002046.5 AAG ACC TTG GGC TGG GAC TG TGG CTC GGC TGG CGAC 168 6–173
Total PGC-1_α NM_013261.3 TGC TAA ACG ACT CCG AGA A TGC AAA GTT CCC TCT CTG CT 67
Exon 1a
NM_013261.4
Recently updated to NM_013261.5
ATG GAG TGA CAT CGA GTG TGCT GAG TCC ACC CAG AAA GCT GT 127 159–285
Exon 1b
XM_011513766.1
XM_005248132.1
CTA TGG ATT CAA TTT TGA AAT GTG C CTG ATT GGT CAC TGC ACC AC 153 77–229
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and amplified a product of between 127 and 168 bp. Prim-
ers were purchased from Sigma (Suffolk, UK). For exon-
specific analysis, following the initial screening of suitable 
reference genes, GAPDH showed the most stable thresh-
old cycle  (CT) values across all RT-PCR runs and subjects 
regardless of experimental condition (27.02 ± 1.96  CT; 7% 
coefficient of variation) and was selected as the reference 
gene in all RT-PCR assays. The average PCR efficiency was 
90%, and variation for all target genes including the refer-
ence gene was low at 2.8%. The relative gene expression 
levels were calculated using the comparative  CT (ΔΔCT) 
equation (Schmittgen and Livak 2008), where the relative 
expression was calculated as  2–ΔΔCT and where  CT represents 
the threshold cycle. mRNA expression for all target genes 
was calculated relative to the reference gene (GAPDH; sub-
ject’s own sample reference) within the same subject and 
condition, and to a calibrator of pre-exercise.
Statistical analysis
Experiment 1
A two-factor (3 conditions x time), within-participants, gen-
eral linear model was used to evaluate the effect of time (pre-
exercise vs. post-exercise) with shared baseline data used for 
NOT and CWI (Statistical package for the Social Sciences 
version 21.0; SPSS, Chicago, IL). A two-factor (3 conditions 
x time), within-participants, general linear model was sub-
sequently used to evaluate the influence of the cooling inter-
vention following exercise and the 3-h post exercise period. 
Experiment 2
A two-factor (4 condition x time) within-participant’s gen-
eral linear model for condition (Low glycogen control (CON 
LOW), Very Low glycogen control (CON VLOW), Low gly-
cogen CWI (CWI LOW), Very Low glycogen CWI (CWI 
VLOW)) and time (Pre, Post, 3 h) was used to evaluate the 
influence of low glycogen availability and CWI following 
exercise and the 3-h post-exercise period.
“For both experiments”, the main effects for condition 
and time were followed up via the use of planned least 
significant difference (LSD) multiple contrasts. Where a 
significant condition-by-ime interaction was observed, the 
post-exercise to 3-h post-exercise change scores were calcu-
lated and compared across conditions using LSD multiple 
contrasts. The ES magnitude was classified as trivial (< 0.2), 
small (> 0.2–0.6), moderate (> 0.6–1.2), large (> 1.2–2.0) 
and very large (> 2.0–4.0) (Hopkins et al. 2009). Data are 
means ± SD unless otherwise stated. The α level for evalu-
ation of statistical significance was set at P < 0.05.
Results
Experiment 1
Exercise significantly increased the expression of Exon 
1a mRNA ~ two–four fold from Pre (Pre–Post-Exercise: 
P < 0.001, ES 2.50 Very Large, Fig. 2). In the 3-h post-
exercise recovery period, no change in level of expression 
was seen (P = 0.202, ES 0.27 Small) between conditions 
(P = 0.146, ES 0.74 Moderate). The change over time was 
significant (P = 0.05). Exercise also significantly increased 
the expression of Exon 1b mRNA (Pre–Post-Exercise: 
P = 0.016, ES 1.14 Large, Fig. 2). In the 3-h post-exer-
cise recovery period, Exon 1b expression increased sig-
nificantly (P = 0.007, ES 1.15 Large) between conditions 
(P = 0.011). Post hoc analysis showed NOT (2344-fold 
change from Pre, ES 1.12 Large) significantly increased 
Exon 1b gene expression compared to CON (579-fold 
change from Pre, P = 0.010) and CWI (1860-fold change 
from Pre, ES 0.61 Moderate) on average increased Exon 
1b gene expression versus CON, an observation that 
approached statistical significance (P = 0.07). No signifi-
cant change in Exon 1b gene expression between NOT and 
CWI (P = 0.185, ES 0.29 Small) was evident. No signifi-
cant interaction effect was present (P = 0.092).
Experiment 2
Exercise evoked an increase in the expression of Exon 1a 
mRNA, peaking immediately post exercise (~ 1.5–twofold 
change from Pre, ES 1.07 Moderate) before decreasing 
towards pre-exercise values at 3 h post-exercise (~ 1–1.5-
fold change from Pre, P = 0.065, ES 0.33 Small, Fig. 3). 
No statistical significance was present between condi-
tions or for the change over time (P = 0.086 and 0.492, 
respectively). Exercise evoked an increase in the expres-
sion of Exon1b mRNA, with the greatest increases seen at 
3 h post-exercise (CON LOW and CWI LOW ~ 159-fold 
change from Pre, CON VLOW ~ 58-fold change from Pre, 
CWI VLOW ~ 56-fold change from Pre, P = 0.057, ES 1.20 
Moderate/Large). Significant differences were observed 
between conditions (P = 0.035, Fig. 3) with both LOW 
limbs having greater expression than their corresponding 
VLOW limb at 3 h post-exercise (CON P = 0.025, ES 0.67 
Moderate; CWI P = 0.062, ES 1.14 Large). No difference 
was present in both VLOW and LOW limbs when the 
CWI intervention was applied (VLOW P = 0.398, ES 0.26 
Small; LOW P = 0.966, ES 0.007 Trivial) suggesting that a 
cold-induced response in Exon 1b gene expression was not 
present. No significant interaction was seen (P = 0.111).
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Discussion
This is the first study to investigate the relative influence of 
post-exercise cooling as well as the impact of reduced gly-
cogen availability alone, and in combination, on promoter-
specific mRNA expression of the transcriptional co-activator 
PGC-1α. Experiment 1 provided novel results demonstrating 
PGC-1α mRNA expression from the alternative promoter 
(Exon 1b) mirrors the pattern of expression for total PGC-1α 
mRNA previously described (Allan et al. 2017) (Fig. 2). 
Thus, the contribution to total PGC-1α mRNA expression 
post-exercise is likely a result of changes occurring from 
the alternative promoter (Exon 1b). Moreover, a systemic 
response to CWI was seen in the alternative promoter (Exon 
1b) with large (~ 2000) fold changes from pre-exercise in 
the immersed and contralateral non-immersed limbs, ver-
sus a non-immersed control (< 1000-fold change from 
Pre) suggesting the response occurs independent of tissue 
temperature.
When muscle glycogen availability is very low (Experi-
ment 2) (< 150 mmol·kg−1dw; VLOW), the cold-induced 
augmented gene expression for total PGC-1α mRNA was 
abolished (Allan et al. 2019). New analysis of RNA sam-
ples herein focussing on the exon-specific response high-
lights VLOW glycogen limbs showing reduced mRNA 
expression via the alternative promoter (Exon 1b) versus 
the contralateral LOW glycogen limb, supporting the recent 
data indicating a glycogen threshold for adequate increases 
in gene expression to occur (Impey et al. 2018; Hearris 
et al. 2019). Moreover, a cold stimulus had no influence 
upon promoter-specific expression (Exon 1a and 1b) when 
glycogen concentration was low. Indeed, the combination 
of very low glycogen availability and post-exercise CWI 
showed the largest impaired response in gene expression 
of PGC-1α, irrespective of promoter region (Exon 1a and 
1b). In Experiment 1, expression from the canonical pro-
moter (Exon1a) showed a significant increase post-exercise 
in all limbs (two–fourfold change from Pre, P < 0.05). Larger 
fold changes were present in expression from the alternative 
promoter (Exon1b), with values ranging ~ 1000–2000-fold 
increases from pre-exercise values (P < 0.05). The sizeable 
difference in change of expression between the different pro-
moter regions was likely due to the differential expression 
at pre-exercise (rest) and response to an exercise stimulus. 
Indeed, Exon 1a is constitutively expressed at higher levels 
basally (at rest) to a greater extent than Exon 1b, whilst Exon 
Fig. 2  PGC-1α mRNA and specific to Exon 1a (a) and Exon 1b 
(b) ΔΔCT fold change in expression value with the calibrator as pre-
exercise and the reference gene as GAPDH. Values are mean ± SEM. 
*Significantly different from pre-exercise (P < 0.05). #Significantly 
different from CON (P < 0.05). $ (P = 0.07) vs CON. + 3 h = 3 h post-
exercise. Total PGC-1α mRNA (c) redrawn from Allan et al. (J Appl 
Physiol. 2017; 123 (2): 451–459) as mean ± SEM
▸
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1b is more responsive to an exercise stimulus (Martinez-
Redondo et al. 2015; Popov et al. 2015b). In the present 
study, the pattern of response following exercise from the 
alternative (Exon 1b) promoter closely mirrored that of 
total PGC-1α gene expression seen in the same subjects 
previously (Allan et al. 2017), offering support to evidence 
showing the response of total PGC-1α mRNA to acute exer-
cise is largely driven by the alternative promoter (Exon 1b) 
(Norrbom et al. 2011; Ydfors et al. 2013; Silvennoinen et al. 
2015; Popov et al. 2015b). Additionally, new data herein 
to investigate the impact of commencing exercise with low 
glycogen availability combined with post-exercise cooling 
on the promoter-specific response (Experiment 2) show that 
PGC-1α alternative promoter (Exon 1b) expression con-
tinued to rise at 3 h post-exercise in all conditions, whilst 
expression from the canonical promoter (Exon 1a) decreased 
between the same time points (post-exercise–3 h post-exer-
cise). This emphasises the role of the alternative promoter 
to the exercise-induced augmentation in total PGC-1α gene 
expression (Allan et al. 2017, 2019). Importantly, in Experi-
ment 1, PGC-1α gene expression from the alternative pro-
moter (Exon 1b) showed large increases in response to high-
intensity intermittent cycling (CON, < 1000-fold change 
from Pre), which was augmented even further in limbs 
exposed to systemic cold stress (NOT and CWI, ~ 2000-fold 
change from Pre, P = 0.07 and < 0.05 vs. CON, respectively). 
Indeed, the same pattern of response was observed in total 
PGC-1α mRNA (Allan et al. 2017), and the present data 
suggest that the contribution to cold-induced total PGC-1α 
gene expression is also driven by the alternative (Exon1b), 
and not the canonical (Exon1a) promoter region. These data 
are the first to show such a promoter-specific response to 
cold in animal or human studies.
In conclusion, this is the first study to show the systemic 
cold-induced augmentation of total PGC-1α as seen pre-
viously (Allan et al. 2017) is largely a result of increased 
expression from the alternative promoter (Exon 1b), rather 
than canonical promoter (Exon 1a). Evidence herein fur-
ther supports the notion that PGC-1α gene expression from 
the alternative promoter (Exon 1b) is more reactive to an 
exercise stimulus than the canonical promoter region; with 
Exon 1b demonstrating lower levels at baseline, but more 
responsive to cold and exercise so demonstrating large fold 
increases. Whereas, Exon 1a was expressed more highly at 
rest and was less responsive to exercise and the cold and so 
demonstrates smaller fold increases. Moreover, commencing 
exercise with extremely low glycogen concentrations seems 
to negate the expected increase in PGC-1α gene expression 
irrespective of promoter region (Exon 1a and b), supporting 
the recent glycogen threshold hypothesis (Impey et al. 2018; 
Hearris et al. 2019). These data also provides greater sup-
port to the knowledge that post-exercise cooling may benefit 
important molecular signals of mitochondrial biogenesis, 
Fig. 3  PGC-1α mRNA specific to Exon 1a (a) and Exon 1b (b) ΔΔCT 
fold change in expression with the calibrator as pre-exercise and the 
reference gene as GAPDH. Values are mean ± SEM. $ Trend towards 
increase from pre-exercise (a P = 0.065, b P = 0.057). *Significantly 
different from corresponding LOW limb (P = 0.025). + Different from 
corresponding LOW limb (P = 0.062). + 3 h = 3 h post-exercise. Total 
PGC-1α mRNA (c) redrawn from Allan et  al. (Physiol Rep. 2019; 
7(11): e14082) as mean ± SEM. iSignificantly less than CON LOW 
(P < 0.05), ii greater than CON VLOW (P = 0.05), iii Significantly 
less than CWI LOW (P = 0.019), ivSignificantly greater than pre- and 
post-exercise (P < 0.001)
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allowing confidence in the fact that endurance adapta-
tion may be augmented following such modalities. Future 
research should look to include assessment of PGC-1α pro-
moter-specific gene expression to allow greater mechanistic 
understanding of this important transcriptional co-activator.
Author contributions All work was conducted at Liverpool John 
Moores University. Conception of the work: RA, WG, JPM, GLC BD, 
APS; Acquisition, analysis and interpretation of the data: RA, APS, 
JPM, GLC, WG; Drafting the work and critical revision for intellectual 
content: RA, BD, JPM, GLC, WG, APS. All authors have approved 
the final version of the manuscript and agree to be accountable for all 
aspects of the work in ensuring that questions related to the accuracy 
or integrity of any part of the work are appropriately investigated and 
resolved. All persons designated as authors qualify for authorship, and 
all those who qualify for authorship are listed.
Funding No funding to declare.
Compliance with ethical standards 
Conflict of interest The authors report no conflicts of interest.
Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
References
Allan R, Sharples AP, Close GL, Drust B, Shepherd SO, Dutton J, 
Morton JP, Gregson W (2017) Post-exercise cold-water immer-
sion modulates skeletal muscle PGC-1α mRNA expression in 
immersed and non-immersed limbs: evidence of systemic regu-
lation. J Appl Physiol 123(2):451–459
Allan R, Sharples AP, Cocks M, Drust B, Duton J, Dugdale HF, 
Mawhinney C, Clucas A, Hawkins W, Morton JP, Gregson W 
(2019) Low pre-exercise muscle glycogen availability offsets 
the effect of post-exercise cold water immersion in augmenting 
PGC-1α gene expression. Physiol Rep 7(11):e14082
Brandt N, Nielsen L, Buch BT, Gudisken A, Ringholm S, Hellsten Y, 
Bangsbo J, Pilegaard H (2017) Impact of β-adrenergic signalling 
in PGC-1α- mediated adaptations in mouse skeletal muscle. Am 
J Physiol Endocrinol Metab 314(1):E1–E20
Chinsomboon J, Ruas J, Gupta RK, Thom R, Shoag J, Rowe GC, 
Sawada N, Raghuram S, Arany Z (2009) The transcriptional coac-
tivator PGC-1alpha mediates exercise-induced angiogenesis in 
skeletal muscle. Proc Natl Acad Aci USA 106(50):21401–21406
Hearris MA, Hammond KM, Seabourne RA, Stocks B, Shepherd SO, 
Philp A, Sharples AP, Morton JP, Louis JB (2019) Graded reduc-
tions in preexercise muscle glycogen impair exercise capacity but 
do not augment skeletal muscle cell signalling: implications for 
CHO periodisation. J Appl Physiol 126(6):1587–1597
Hopkins WG, Marshall SW, Batterham AM, Hanin J (2009) Progres-
sive statistics for studies in sports medicine and exercise science. 
Med Sci Sports Exerc 41:3–12
Ihsan M, Watson G, Choo HC, Lewandowski P, Papazzo A, Cam-
eron-smith D, Abbiss CR (2014) Postexercise muscle cooling 
enhances gene expression of PGC-1α. Med Sci Sports Exerc 
46(10):1900–1907
Impey SG, Hearris MA, Hammond KM, Bartlett JD, Louis J, Close 
GL, Morton JP (2018) Fuel for the work required: A theoreti-
cal framework for carbohydrate periodisation and the glycogen 
threshold hypothesis. Sports Med 48(5):1031–1048
Joo CH, Allan R, Drust B, Close GL, Jeong TS, Bartlett JD, Mawhin-
ney C, Louhelainen J, Morton JP, Gregson W (2016) Passive and 
post-exercise cold-water immersion augments PGC-1α and VEGF 
expression in human and skeletal muscle. Eur J Appl Physiol 
116(11–12):2315–2326
Martinez-redondo V, Pettersson AT, Ruas JL (2015) The hitchiker’s 
guide to PGC-1α isoform structure and biological functions. Dia-
betologia 58(9):1969–1977
Martinez-redondo V, Janniq PR, Correia JC, Ferreira DM, Cervenka 
I, Lindvall JM, Sinha I, Izadi M, Pettersson-klein AT, Agudelo 
LZ, GimINEZ-cassina A, Brum PC, Dahlman-wright K, Ruas JL 
(2016) Peroxisome proliferator-activated receptor γ coactivator-1 
α isoforms selectively regulate multiple splicing events on target 
genes. J Biol Chem 291(29):15169–15184
Norrbom J, Sällstedt EK, Fischer H, Sundberg CJ, Rundqvist H, Gus-
tafsson T (2011) Alternative splice variant PGC-1α-b is strongly 
induced by exercise in human skeletal muscle. Am J Physiol 
Endocrinol Metab 301(6):E1092–1098
Popov DV, Lysenko EA, Kuzmin IV, Vinogradova V, Grigoriev AI 
(2015a) Regulation of PGC-1α isoform expression in skeletal 
muscles. Acta Nat 7(1):48–59
Popov DV, Lysenko EA, Vepkhvadze TF, Kurochkina NS, Mankovs-
kii PA, Vinogradova OL (2015b) Promoter-specific regulation of 
PPARGC1A gene expression in human skeletal muscle. J Mol 
Endocrinol 55(2):159–168
Schmittgen TD, Livak KJ (2008) Analysing real-time PCR data by the 
comparative C(T) method. Nat Protoc 3(6):1101–1108
Silvennoinen M, Ahtiainen JP, Hulmi JJ, Pekkala S, Taipale RS, Nindl 
BC, Laine T, Häkkinen K, Seläne H, Kyröläinen H, Kainulainen H 
(2015) PGC-1 isoforms and their target genes are expressed differ-
ently in human skeletal muscle following resistance and endurance 
exercise. Physiol Rep 3(10):e12563
Tadaishi M, Miura S, Kai Y, Kawsaki E, Koshinaka K, Kawanaka K, 
Nagata J, Oishi Y, Ezaki O (2011) Effect of exercise intensity and 
AICAR on isoform-specific expressions of murine skeletal muscle 
PGC-1α mRNA: a role of β2-adrenergic receptor activation. Am 
J Physiol Endocrinol Metab 300(2):E341–349
Wen X, Wu J, Chang JS, Zhang P, Wang J, Zhang Y, Gettys TW, Zhang 
Y (2014) Effect of exercise intensity on isoform-specific expres-
sions of NT-PGC-1α mRNA in mouse skeletal muscle. Biomed 
Res Int 2014:402175
Ydfors M, Fischer H, Mascher H, Blomstrand E, Norrbom J, Gus-
tafsson T (2013) The truncated splice variants, NT-PGC-1α and 
PGC-1α4, increase with both endurance and resistance exercise 
in human skeletal muscle. Physiol Rep 1(6):e00140. https ://www.
ncbi.nlm.nih.gov/pmc/artic les/PMC38 71455 /
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
